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We investigate magnonic band structure in thin homogeneous permalloy film decorated with
periodic array of elliptically shaped permalloy dots and separated by non-magnetic Pt spacer. We
demonstrated experimentally formation of the magnonic band structure for Damon-Eshbach wave
propagating in permalloy film with the band gap opened at the Brillouin zone border and band
splitting at smaller wavenumbers, due to the Bragg interference and interaction of propagating
wave of the continuous film with a standing resonant mode of the nano-ellipses, respectively. The
shape anisotropy of the permalloy nanodots allows to control the spin wave dynamics through the
switch between two states of the magnetization with respect to the underneath film magnetization,
thus enabling magnonic band structure reprogrammability. With numerical analysis we show, that
predominant role in formation of the magnonic band structure is played by a vertical dynamic
coupling between propagating wave in the film and magnetization oscillations in the nanodots.
I. INTRODUCTION
Materials with designed dispersion relation are widely
used to control wave propagation in electronics, mi-
crowave technology and photonics. This is real-
ized through exploiting semiconductors or photonic
crystals,1–4 but also their analog for spin waves (SWs):
magnonic crystals (MCs).5 Meaningful signature of pe-
riodicity is formation of the band structure and exis-
tence of the band gaps in the excitation spectra.1,3,5 Al-
though band gaps can exist for waves propagating in ar-
tificial crystals with periodicity in 1D, 2D or 3D (dimen-
sions), to date research in magnonics is mainly focused on
thin ferromagnetic films with periodic pattern in 1D or
much rarely in 2D,6,7 leaving the third dimension almost
unexplored.8–11
Fabrication of thin film MCs is usually performed with
patterning,5,12 which is very receptive for defects and
changes of the magnetic properties near the edges, which
in turn affect the SW propagation.13,14 Interestingly,
there are also alternative ways to form SW band struc-
ture. It can be done with ion implantation, that modifies
the material properties relevant for SW propagation,15–17
and allows to create fine patterns suitable for forma-
tion of magnonic band gaps.18,19 Although it does not
etch the film, the crystallographic structure and com-
position is significantly affected which usually is associ-
ated with increased damping. The other idea is based
on exploitation of the vertical dynamic coupling by the
stray magnetic field. In Ref. [20] the control of the SW
propagation in a ferromagnetic stripe has been demon-
strated by change of the magnetization orientation in
the bar placed above the stripe. This mechanism was
also exploited to excite SWs and to control the phase
and amplitude of propagating SWs. The idea was fur-
ther extended to the array of ferromagnetic nanodots
deposited over the ferromagnetic film, where magneti-
zation dynamics pumped by the microwave field in the
array of dots has been used to induce/detect propagating
SWs in homogeneous film.21 Only recently, the forma-
tion of the magnonic band structure in the homogeneous
permalloy (Ni80Fe20) Py thin film by the dynamical cou-
pling of propagating SWs with excitations confined to
the Ni stripe array has been demonstrated.22 This ap-
proach is promising also for exploiting the third dimen-
sion in magnonics, which is rich with new phenomena,
and promising for future SW applications.23
In this paper we investigate SW dynamics in thin Py
film in presence of a 2D rectangular lattice of thin ellipti-
cal Py/Pt dots deposited on top to explore the role of the
vertical coupling between the magnetization dynamics of
the Py film and the elliptical dots. We showed forma-
tion of the band structure for SWs in Py film. Moreover,
the elliptical shape of the nanodots allows us to control
relative magnetization orientation between the film and
ellipses. We explored this property to demonstrate the
re-programmability of the dipolarly induced magnonic
band structure in Py film. The measurements were per-
formed with Brillouin light scattering (BLS) technique
and explained by the numerical simulations. The pre-
sented results are important step towards utilization of
layered structure as basic elements for the realization of
3D magnonic systems.
The paper is organized as follows. In the next section
we describe the sample structure, its fabrication, the ex-
perimental and theoretical methods used to investigate
spin wave dynamics and static magnetization measure-
ments. In Sec. III we present and discuss the results of
measurements and provide their interpretation based on
the numerical calculations. In the last section, we sum-
2FIG. 1. (a) SEM image of the sample with indicated the main
in-plane dimensions. The direction of the applied magnetic
field H and of the wave vector k, together with the Carte-
sian axes, are also represented by the arrows. Dashed white
line marks the unit cell of the structure. (b) Schematic pre-
sentation of the unit cell in the cross-section along the (x, z)
plane.
marize the results and discuss future perspectives and
possible applications.
II. STRUCTURE AND METHODS
Array of Py/Pt elliptical dots was fabricated on top of
the continuous Py film using electron beam lithography
and metal lift-off. First, a film of 20 nm Py was evapo-
rated using a Semicore SC600 electron beam evaporator.
Next, PMMA (poly (methyl methacrylate)) 950k C2 was
spun at 5000 rpm to give a thickness of 100 nm. The
pattern was then exposed with a Vistec VB300 electron
beam lithography tool at 100 kV and 1 nA beam current.
The sample area was 200 × 200 µm2. The PMMA was
then developed using a high contrast cold development
process consisting of 7:3 IPA:water at 5oC ultrasonicated
for 100 seconds. It was then evaporated with 10 nm of Pt
(to avoid the direct contact between and the consequent
exchange coupling between the Py film and dots), and
10 nm Py, and lifted off in dichloromethane. The ellipses
have lateral dimension of 600 × 200 nm and are placed
into chains with an edge-to-edge distance of 80 nm along
the long axis of the ellipses while the inter-chain distance
is of 400 nm, leading to the period a = 600 nm and
b = 680 nm along the y and x axis, respectively. This
corresponds to an edge of the first Brillouin Zone (BZ)
along the y-direction of pi/a = pi/600 nm = 0.52 × 107
rad/m. Scanning electron microscopy (SEM) images of
the array have been obtained using a Field Emission Gun
Electron Scanning Microscopy LEO 1525 (ZEISS) and
are shown in Fig. 1(a). These reveal well-defined ellipti-
cal dots with uniform shape and good edge definition. A
continuous (unpatterned) 20 nm Py film and array of sin-
gle layer Py elliptical dots with thickness of 10 nm have
been also fabricated, and used as a reference samples.
Longitudinal hysteresis loops were measured by
magneto-optical Kerr effect (MOKE) magnetometry us-
ing a photoelastic modulator operating at 50 kHz and
lock-in amplification. BLS experiments from thermally
excited SWs were performed in the back-scattering con-
figuration by focusing a monochromatic laser beam of
wavelength λ = 532 nm on the sample surface through
a camera objective of the numerical aperture of NA =
0.24.24 The scattered light was analyzed in frequency by
a (3+3)-tandem Fabry–Perot interferometer. The field
dependence of SW was measured by sweeping the ap-
plied magnetic field from +50 to -50 mT applied along
the long axis of the ellipses (along the x axis) at fixed
wave vector k = 1.81 × 107rad/m = 3.48pi/a. The SW
dispersion was then measured at fixed H = 50 mT by
sweeping the wave vector in the direction perpendicular
to H in the range between 0 and 2 × 107 rad/m, which
allows to map the SW dispersion along the y direction up
to the third Brillouin zone (BZ) of the reciprocal space in
the Damon-Eshbach (DE) configuration, it is when the
wavevector is perpendicular to the saturation magnetiza-
tion direction.
To calculate SW spectra we solved numerically the lin-
earized Landau-Lifshitz equation (LL) on the dynamic
components of the magnetization vector (my,mz) in a
frequency domain with damping neglected. We assume
full magnetic saturation and consider the effective mag-
netic field Heff to be the sum of three terms: a dc bias
magnetic field H applied along the x direction, an ex-
change field Hex, and dynamic demagnetizing field Hdm
with components in the (y, z) plane.25 In calculations we
assume Bloch periodic boundary conditions on the bor-
ders of the unit cell in the plane (x, y) [see Fig. 1(a)]. The
definition of the exchange and demagnetizing fields terms
can be found in Ref. [26]. We added also a small magnetic
anisotropy term of value 10 mT parallel to the H in nan-
odots to fit confined modes with the experimental data.
We solved the LL equations in 3D space using finite ele-
ment method for the in-plane unit cell and with large free
space above and below the Py along the z-axis.27 From
solutions of the LL equation we found frequencies f of
the SWs for successive wavenumbers k along the y-axis,
i.e., the magnonic band structure. We also obtained the
spatial distribution of the SW amplitude (my,mz) and
from the mz(x, y, z) we calculated the BLS intensity of
the SWs:28
IBLS ∝
∣∣∣∣
∫
volume
mz(x, y, z)e
ikydxdydz
∣∣∣∣
2
. (1)
To take into account small penetration depth of light into
the metal we excluded from integration, the part of the
Py film just under elliptical nanodots. For further details
concerning the computation method we refer to Ref. [26].
III. RESULTS
A. Field dependence
The measured hysteresis loop is shown in Fig. 2(a). It
was measured with the magnetic field directed along the
3FIG. 2. (a) MOKE loop measured with the magnetic field
along the long axis of the ellipses (the x direction). Red cir-
cles mark 5 mT field at which the SW dispersion in P and
AP states were measured and are shown in Fig. 7(a) and
(b), respectively. (b) The SW frequency at k = 3.48pi/a in
dependence on H oriented in the x direction. The BLS mea-
surements were started from saturation in the high positive
values of H and decreasing the field toward negative satu-
ration following the descending branch of the MOKE loop.
SW frequencies, derived from the measured BLS spectra, are
marked by red triangles. The results of numerical calcula-
tions are shown with the blue colored dots, with the color
intensity proportional to the calculated BLS intensity. The
green line with the empty dots shows the BLS measurements
on the reference 20 nm thick continuous Py film.
long axis of the ellipses starting from large positive fields.
In saturation the magnetization in the film and nanodots
is parallel (P state). At small negative external magnetic
field values the magnetization in the Py film switches to
the opposite direction but the magnetization in the el-
liptical nanodots remains along the same direction thus
providing anti-parallel orientation of the magnetization
(AP state). The magnetization remains at the AP orien-
tation for H covered the plateau visible in Fig. 2(a), i.e.,
between -2 and -22 mT. With higher magnetic field the
magnetization inside the ellipses also reverses reaching
saturation at negative fields below -25 mT. The stabi-
lization of two different magnetization configurations in
the film will be exploited in the further part of the paper.
To study the evolution of mode frequency in depen-
dence of the magnetic field we measured a sequence of
BLS spectra in the DE configuration for a fixed k =
3.48pi/a with decreasing the magnetic field magnitude
starting from the saturation state at 50 mT. The results
are shown in Fig. 2(b) with the red triangles. The simu-
lation results are superimposed with the color map where
the intensity of the color is proportional to the calculated
BLS intensity according with Eq. (1). At H = 50 mT we
observe 4 modes and their frequencies decrease with de-
creasing the magnetic field in good agreement with the
simulation results. The most intensive line at 12.5 GHz
is the DE mode of the Py film. Softening of the DE mode
near the transition to AP state (near H = 0) is visible
in BLS measurements but it is not reconstructed in sim-
ulation. This is because of the assumption of the full
saturation required by the model. Near the magnetiza-
tion reorientation of the film we observe sudden change of
the frequencies which nicely confirms drop in the magne-
tization curve in the MOKE measurements. In the range
of field values where there AP state is stable, we distin-
guish the two main types of f(H) dependencies. In the
first type f increases with increasing |H | along the nega-
tive values while in the second type f decreases or weakly
depends on H . We can relate the bands with increasing
f to the waves traveling in Py film. This observation is
compared with the numerical results in Fig. 2(b). The
analysis of the mode profiles shows that the most inten-
sive mode (12 GHz at -20 mT)is the DE type of wave and
it has the frequency increasing with |H | starting from -2
to -20 mT. In the AP state the orientation of the mag-
netization in nanodots is opposite to the magnetic field
direction, thus we attribute the branches of decreasing
frequency (e.g., the band at 6 GHz) to the oscillations
confined to the nanodots. The frequencies just follow
decrease of the internal magnetic field in nanodots in
this case. Nevertheless, this dependence is affected by
the coupling with the Py film, the different strength of
the interaction results in various slopes in the f(H) de-
pendencies. At fields of magnitude larger than |22| mT,
the magnetizations are in the P state again, and all four
modes increase their frequency with increasing magnetic
field magnitude towards negative values.
Interestingly, in the P state the SW frequency of the
DE type of wave is very close to the frequency of the
DE wave in the reference Py film (see green line in
Fig. 2(b)). However, the difference becomes significant
(up to 1 GHz) in the AP state at low field values. This
points at possibility for valuable control of the DE mode
frequency by the change of the magnetization orienta-
tion between the film and nanodots—the property inves-
tigated in details in further part of the paper.
B. Magnonic band structure and hybridization
The measured dispersion relation of SWs at saturation
(H = 50mT) for waves propagating perpendicular to the
field is shown in Fig. 3(a) with red triangles. We distin-
guish very intensive line (M1) with the group velocity de-
creasing with increasing k. This band starts around 6.34
GHz and reaches 12 GHz at k = 3pi/a, which is very close
to the DE wave in the reference sample shown in Fig.
3(b). Near the first BZ boundary we found the splitting
4of the DE band into two excitations 8.73 GHz and 9.46
GHz [the area marked in yellow in Fig. 3(a)], which we
attribute to the opening of the magnonic band gap of the
DE mode due to Bragg interference condition. We also
noticed another DE band splitting at lower frequencies
and smaller wavenumbers, between 7.27 and 7.73 GHz
at k = 0.4pi/a (at the area marked in green). The fre-
quency of this gap is close to the almost non-dispersive
line (M2) visible through the whole range of wavevec-
tors, its frequency oscillates around 7.6 GHz. The dis-
persion relation obtained from the simulations (color map
in Fig. 3(a)) matches well with the BLS data, and also
demonstrates the two magnonic gaps in the spectra.
FIG. 3. (a) Dispersion relation of SWs in DE configuration
measured with BLS (red triangles) and obtained from simula-
tions (color map) at the magnetic field H = 50 mT, i.e., in the
P state. The intensity of the colors in the numerical data re-
lates to the calculated BLS intensity of the SWs. The vertical
dashed lines mark the BZ boundary and center. Green and
yellow areas indicate the hybridization and tha Bragg band
gap regions, respectively. (b) Dispersion relation of SWs mea-
sured in the reference sample, 20 nm thick Py film. The green
line is to guide experimental points.
To interpret the low frequency gap we show in Fig. 4(a)
a sequence of BLS spectra measured at different k values
for an applied magnetic field of +50 mT. We do not ob-
serve any frequency asymmetry between the Stokes and
anti-Stokes side of the spectra as could be expected in
presence of Dzyaloshinskii-Moriya interaction near the
Pt/Py interface.29 This is because of the rather large
thickness of the Py layers. At k < 0.8pi/a, all the mea-
sured spectra present a peak doublet where the frequency
position of one peak significantly depends on k following
the frequency evolution of the DE mode in the reference
Py film, while for another one, marked by the vertical red
line (M2 mode), the frequency is almost constant. Inter-
estingly, for k < 0.5pi/a the mode at constant frequency
has largest intensity which decreases with increasing k,
while the intensity of dispersive mode significantly in-
creases with k. This change in the relative intensity of
the peak together with the fact that their frequency dif-
ference decreases until the two peaks almost merge one
with the other, and then increases again, are the char-
acteristic signature of a hybridization and repulsion, i.e.,
two modes at k value close to fulfill phase matching condi-
tion change their character from propagative to standing
nature and vice versa.
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FIG. 4. (a) The BLS spectra for selected wavevectors at H =
50 mT from which the dispersion in Fig. Fig:3(a) is formed.
The yellow and green areas in (a) mark the k range of the
band gap opening at the BZ border and due to hybridization
of the DE wave with the confined modes in elliptical nanodots,
respectively [see also Fig. 3(a)]. (b) The amplitude of SWs
m2
z
in arbitrary units across the mid-planes of the elliptical
nanodots and the plain film for the two modes M1 and M2
at various k values to demonstrate the hybridization of SWs
near the band gap opening due to hybridization.
These experimental findings can be understood by in-
spection of the k-vector evolution of the calculated spa-
tial profiles of the modes in the two Py layers shown in
Fig. 4(b). In the low k-vector range the lowest frequency
mode (M1) mainly exists with an extended profile in the
continuous Py film and with a negligible spin precession
amplitude within the ellipses. This mode M1 resembles
the Kittel mode of the Py film with uniform spatial pro-
file. On the contrary, in the same k-vector range, the
mode M2 represents the quasi-fundamental SW excita-
tion of the Py ellipses without nodal lines and the ampli-
tude maximum in the ellipse center. Close to the crossing
point of the M1 and M2 dispersion (where k ranges from
0.3 to 0.5 pi/a) the spatial distribution in the two layers
is rather similar, i.e., the profiles in the Py ellipses is es-
sentially replicated within the underneath Py film with
mode M1 which loses its extended character. Eventually,
for k > 0.5pi/a the mode M1 has a largest amplitude
in the ellipses while mode M2 is mostly confined in the
continuous film with an extended character and several
amplitude oscillations, thus supporting the idea of modes
which exchange their character.
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FIG. 5. The calculated amplitude (a and c) and the phase (b
and d) of SW at the magnonic band gap at the BZ boundary:
at f = 8.73 GHz (a and b) and f = 9.46 GHz (c and d)
.
For k > 0.9pi/a [see, Fig. 4(a)] an additional peak ap-
pears in the spectra at higher frequency with respect to
the doublet discussed above. Just around the edge of the
BZ the frequency of the two peaks at higher frequency
remain constant. This is a signature, that opening of a
magnonic band gap occurs at the edge of the first BZ.
Eventually, on further increasing k one mode disappears
while the frequency of on one start to increase with k.
Calculated profiles of SWs (their amplitude and phase)
from the magnonic band gap edges at the BZ bound-
ary are shown in Fig. 5. The amplitude distribution
has rather complex oscillating pattern due to hybridiza-
tion with other excitations present at similar frequencies.
Nevertheless, it is clear that the SW at the BZ boundary,
from the bottom of the Bragg gap, has only one nodal
line in the unit cell (it is along the direction of wave prop-
agation). The line is located in the film as well as in the
middle of the nanodots. Interestingly, the magnetization
oscillations in nanodot and film are shifted by 180◦ for
mode below the band gap [Fig. 5(d)], but they oscillate
in-phase for the mode just above the magnonic band gap
[Fig. 5(d)]. This reminds the band gap between acous-
tical and optical vibrations in the bi-component atomic
chain, with different atoms oscillating in-phase and out-
of-phase in respective bands.30 However, in our struc-
ture the in-phase oscillations are for the mode of higher
frequency. It is, because the dipolar dynamical interac-
tion between film and dots is minimized by the out-of-
phase oscillations (determined by their out-of-plane com-
ponents of the magnetization) in both subsystems.
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FIG. 6. The static magnetic fields distribution in the cross-
sections of the unit cell: (a) along the middle axis (the y axis)
of the nanodot (green line) and in Py film below this line (blue
line), (b) in the (x, y) plane in the middle of the film. The
field is a superposition of the external magnetic field and the
stray magnetostatic field, H0 +Hstray, H0 = 50 mT.
Let’s discuss now a possible influence of the inhomoge-
neous static stray magnetostatic field in the Py film in-
duced by elliptical dots on the magnonic band gap. This
field was neglected in computations of the band struc-
ture, but we calculated it from the static computations
by solving Gauss equation. This stray field (with the ex-
ternal field of 50 mT) is shown in Fig. 6. We see, that
although the field is inhomogeneous, its amplitude in the
Py film is rather small reaching maximal values close to
100 mT only at small areas along the y axis which corre-
sponds to the separation between the elliptical dots. Also
the average values of the stray field are small (7 mT in
ellipses and close to 0 in Py film). These features point
at rather minor influence of the static dipolar field on the
SW properties of the Py film (DE mode). To prove this,
we performed additional calculations of the magnonic
band structure in thin Py film with inhomogeneous (pe-
riodic) external magnetic field, equal to the static stray
field created by ellipses [shown in Fig. 6(b)]. The inhomo-
geneity of the field introduces the folding back effect and
formation of other eigensolutions of small BLS intensity.
However, it results in the band gap at the BZ boundary
of only 50 MHz which is small compared to 730 MHz
wide gap due to dynamic coupling. Thus, we conclude,
that the static field does not affect significantly the band
structure of DE SWs and the dominating role is played
by the vertical (between the two Py layers, through Pt)
dynamical dipolar coupling.
C. Re-programmability
The discussion in Sec. III A allows us to propose the
re-programmable band structure in 2D MCs in which by
the change of the magnetic field history we can reach
P or AP states of the magnetization orientation. We
select H = 5 mT for the demonstration and prepared
the system in these two states, see red circles in Fig. 2(a).
The measured and calculated magnonic band structures
for P and AP states are shown in Fig. 7 (a) and (b),
respectively. We found the spectra for P and AP state
to be significantly different.
In the P state [Fig. 7(a)] the spectra is similar to Fig.
3, but shifted to the lower frequencies. At k = 0 the
DE band is not experimentally detected, in simulation it
starts at 1.98 GHz. Measured is the first standing mode
in nanodots which extend over all range of k with fre-
quency varied from 4.2 to 4.7 GHz. At higher k values
the DE mode dominates in the spectra. The profile of the
DE mode and of the first standing mode in the nanodot
are shown in Fig. 8(a) for the P state. As in the previous
results [Fig. 4], the DE mode (M1) concentrates ampli-
tude mainly in the film while the standing mode of the
nanodot (M2) forces oscillations also in the Py film. In
the film the amplitude is weaker than in the nanodot, but
oscillations in film have phase shifted by pi with respect
to the oscillation in nanodot.
In the AP state, Fig. 7(b) the SW spectrum is richer,
6FIG. 7. Dispersion relation of SW propagating perpendicular
to the magnetic field of value 5 mT aligned along the x-axis for
(a) parallel (P) and (b) anti-parallel (AP) state of the mag-
netization in nanodots and the film. The red triangles mark
the measured BLS data, the color map show the numerical
results. The color intensity of the numerical points indicates
the calculated BLS intensity. Horizontal dashed lines mark
the BZ boundary and center.
than in the P state. Through the whole k range the two
nondispersive lines are visible in BLS measurements (the
lowest standing mode is measured at around 3.4 GHz in
agreement with calculations). The DE mode becomes
visible only from the second BZ. The profile of the DE
(M1) and the first standing mode of the nanodot (M2)
in the AP state at k = 0 are shown in Fig. 8(b). The
oscillations in the DE mode are very similar to that one
in P state, however the M2 preserves significant differ-
ences. There, the amplitude enhanced in Py film and
the z component of the magnetization are with the same
phase in nanodot and in the film, while my components
are in anti-phase. This points out at the opposite direc-
tion of precession in both sub-systems, which is due to
the opposite orientation of the magnetization.
These results are very important, since they show that
the magnonic band structure can be significantly shifted
in frequency by choosing the appropriate ground state,
while the applied magnetic field is fixed at a specific
value.
(b) AP state
(a) P state
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FIG. 8. The calculated amplitude |mz| and the phase arg(mz)
for SWs in the P (a) and AP (b) state of the magnetizations.
The calculations are for the DE wave (M1) and fundamental
excitation in nanodot (M2) marked in Fig. 7 at k = 0.
IV. CONCLUSIONS
In summary, we have investigated experimentally and
theoretically SW propagation in homogeneous thin Py
film decorated with the rectangular array of thin Py nan-
odots of the elliptical shape placed on the top of the
film, and separated by a Pt spacer to avoid the exchange
coupling. We have demonstrated the formation of the
magnonic band structure and opening of the magnonic
band gaps. Based on numerical analysis we concluded,
that the main mechanism of the coupling is based on the
dynamic coupling of the confined oscillations in the nan-
odots with the propagating waves in the film. This type
of interaction allows for formation of the Bragg magnonic
band gap for the waves propagating in the film plane
and perpendicularly to the direction of the magnetiza-
tion. Moreover, the strong dynamic interlayer dipolar
coupling results also in anti-crossing the dispersion of the
propagating wave with the standing excitation when the
phase matching conditions are fulfilled. The coupling can
be modified by change the Pt thickness. Making Pt layer
separating the Py film and nanodots below the spin dif-
fusion length, at ferromagnetic resonance frequency of
the nanodot additional coupling via spin pumping effect
can be exploited. These properties, together with the re-
programmable magnonic band structure, are important
contribution to magnonics and spintronics.
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